New types of steroid-porphyrin conjugates derived from 20-hydroxyecdysone (20E) and 24-epibrassinolide (EBl) were synthesized. An exceptional regioselectivity in the reaction of both steroids with porphyrin boronic acids was found to give side-chain-conjugated boronic esters as sole products. UV-Vis-, fluorescence and NMR spectroscopy yielded similar data for all the studied compounds confirming the solvent driven supramolecular assembly with formation of J-aggregates. CD measurements of water diluted solutions showed a clear difference between 20E and EBl conjugates. The latter showed a strong supramolecular chirality, whereas 20E J-aggregates did not.
Introduction
Steroid frame has been quite widely utilized as a building block for supramolecular materials [1] . It is large, rigid, chiral, and thus suitable for creating of extended architectures with well-defined conformations, capable in principle to enantiodiscrimination [2] . Among numerous supramolecular systems based on the use of steroids, those derived from conjugation with porphyrins should be mentioned in the first place. They are used as photosensitizers for photodynamic therapy [3] , in saccharide sensing [4] [5] [6] [7] [8] [9] , and anion binding [10] . Nearly all studies have been limited so far to bileacid based structures [11] [12] [13] [14] , with a few exceptions of porphyrin conjugates of estrogens [15] [16] [17] , androgens [18, 19] and cholesterol [20] .
Oxygenated sterols form a large group of naturally occurring steroids widely spread in plants and animals and playing an important role as physiologically active substances. Brassinosteroids (BS, hormones of plants) [21] and ecdysteroids (ES, hormones of arthropods) [22] belong to the most remarkable members of the series. Representatives of these hormones are promising potential medications and active ingredients for new ecologically safe agrochemicals. BS and ES share similar structural elements involving a diol function in the cycle A and a polyoxygenated side chain. Specific molecular structure of these compounds possessing a fixed rigid stereochemistry along with a number of chiral centres and functional groups makes them possible to be used as chiral ligands and potential sensor components for selective recognition of complex natural compounds and their synthetic analogs in instrumental analysis.
For a number of years, we have been interested in various aspects of pyrrole-steroid conjugates [5, 13, [23] [24] [25] [26] [27] [28] [29] [30] having in mind their expected value as new fluorescent probes for biochemical studies and immunoanalysis [31] , and as possible sensing elements in special analytical devices [32] for recognizing the corresponding hormones perception. The main purposes of the present work were (1) to synthesize new steroid-porphyrin conjugates based on oxygenated sterols belonging to BS and ES and (2) to investigate physicochemical properties of the newly prepared compounds.
Experimental

General
Melting points were determined on a Boetius hot stage. Mass spectra were recorded on a LCQ™ ion-trap MS instrument (Thermo Electron, D-Dreich) (EI), N 2 served as sheath and auxiliary gas, and He (purity >99.9990%, Messer-Griesheim, D-Krefeld) as collision gas. Mass spectra of conjugates were obtained on Bruker-Daltonics Biflex IV MALDI-TOF mass spectrometer equipped with standard nitrogen laser (337 nm) in a reflector mode. For evaluation of MAL-DI-TOF MS spectra mMass software was used [33] Column chromatography and TLC were carried out using Merck silica gel 60: 70-230 mesh and precoated silica gel 60 F 254 plates, respectively. Spots on TLC were visualized under UV light and by spraying with anisaldehyde-H 2 SO 4 or ammonium cerium (IV) sulfate-H 2 SO 4 reagents followed by heating. Solvents were dried and freshly distilled according to common practice.
UV spectra were measured on UV-Visible Spectrophotometer Varian Cary 1E in DMSO and DMA solutions at room temperature. Fluorescence spectra were collected on Jasco 7850, and FluoroMax-2 Spectrofluorophotometers in 30 nM solutions in DMSO and DMA. CD spectra were measured on JASCO J-600, equipped with a thermostated cell holder and purged with ultra-pure nitrogen gas, in DMA and DMSO solution (1 mkM) [34] , 174 mg, 0.5 mmol) and 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-benzaldehyde 1 (prepared according to [34] , 116 mg, 0.5 mmol) were dissolved in dry dichloromethane (50 mL), the resulting solution was degassed under reduced pressure and flushed with argon. Boron trifluoride diethyl etherate complex (23 mkL, 0.186 mmol) was added dropwise and the reaction mixture was stirred at room temperature for 1 h, then DDQ (170 mg, 0.75 mmol) was added in one portion and the mixture was stirred for additional 1 h. Triethylamine (26 mkL, 0.186 mmol) was added and the resulting dark solution was filtered through a pad of silica and eluted with dichloromethane to give porphyrin 6 as purple solid (105 mg, 38% [34] , 174 mg, 0.5 mmol) and pentafluorobenzaldehyde 3 (98 mg, 0.5 mmol) according to the procedure described for compound 6. m.p.: >270°C. 
General procedure for porphyrin deprotection
Porphyrin (0.1 mmol) was suspended in 4:1 mixture of THF/ H 2 O (7.5 mL) and concentrated HCl (2.5 mL) was added. Resulting mixture was stirred for 12 h at room temperature and red suspension became green. Reaction mixture was diluted with water and precipitate was filtered through fine glass filter and washed several times with water until neutral pH. The resulting green powder was further used without additional purification. 
General procedure for porphyrin-steroid conjugate preparation
Corresponding porphyrin (0.025 mmol) and steroid (1.1 equiv. per each boronic acid group) were dissolved in methanol (12.5 mM solution). The resulting mixture was stirred at room temperature overnight. Formed purple crystals were filtered and washed with methanol (about 40% of product was isolated). The filtrate was evaporated under reduced pressure and residue was purified on silica gel (eluent EtOAc-MeOH -10/1-5/1 for 20E and EtOAc -EtOAc-MeOH (10/1) for EBl) to give purple solid (about 50% of product). 
Results and discussion
Out of the numerous oxygenated sterols belonging to ES and BS series, we have chosen 20-hydroxyecdysone (20E) and 24-epibrassinolide (EBl) as ligands for different porphyrin cores (Fig. 1) . Both compounds are the most available in the appropriate group of steroids. 20E is the most abundant among natural ecdysteroids [22] , content of which in plants can reach 4% percent per dry weight. EBl is the first brassinosteroid which is produced for agricultural application [37] . The presence of two diol functions in the molecules of both 20E and EBl is a structural feature which is of interest for conjugation purposes. This allowed developing a general strategy for the conjunction process useful both for EBl and 20E.
After having evaluated several possibilities for the conjugation of steroid and porphyrin fragments, we selected those based on the use of boronate esters [38] . Porphyrin-boronic acid derivatives are well known compounds [6, [39] [40] [41] [42] that can form covalent bonds with 1,2-diols [43] [44] [45] . There was an evident concern to manage two diol functions present in the molecules of 20E and EBl. However, preliminary experience with 24-epibrassinolide methylboronates [46] suggested a possibility to achieve a selective formation of the side-chain functionalized conjugates.
The porphyrins 6-8 were synthesized using Lindsey's method [47] by the reaction of aldehydes 1-3 and dipyrromethanes 4,5 in the presence of a catalytic amount of boron trifluoride-etherate complex with subsequent DDQ oxidation (Scheme 1). Compound 7 was identical in measured parameters to that described in the literature [35] .
The removal of the pinacol protecting groups was achieved by treatment of the porphyrins 6-8 with concentrated HCl in THF/ water to give the desired unprotected products 9-11 in 74-92% yields. Their structures were confirmed by disappearance of the signals corresponding to pinacol methyls in the 1 H NMR spectra.
The reaction of the porphyrins 9-11 with slight excess (1.1 eq.) of 20E and EBl in methanol gave the corresponding products 12-17 (Scheme 2) resulting from interaction of 20,22-diol group of 20E or 22,23-diol group of EBl with boronic acid moieties of the porphyrins. All products were isolated as the purple solids in good to excellent yields (78-93%). These compounds were found to be stable in the solid state as well as in the solution. It is worth mentioning that no conjugates attached to another diol in the cycle A was observed. Evidently that the formation side-chain functionalized conjugates as sole products of this reaction is favored by thermodynamic factors, because 2,3-diol functions in 20E and EBl are less hindered than those in the side chain. It's well known that porphyrins and their conjugates could easily form aggregates upon different conditions [48] [49] [50] . At room temperature 20E and EBl conjugates are well soluble in polar organic solvents such as dimethylsylfoxide (DMSO) and dimethylacetamide (DMA), and they have a sharp Soret band at k max = 420, 407 or 416 nm depending on the structure of the porphyrin part. Addition of water to the DMA or DMSO solutions of conjugates resulted in gradual decreasing of the absorption intensity signals which indicates random aggregates' formation. The red shift in UV absorption spectra was observed with time (up to several hours) for all conjugates studied confirming the formation of organized and orientated J-aggregates [51] . A typical change of UV-Vis spectra as a function of water content and time is shown in Fig. 2 for the conjugate 14.
The water-driven aggregation process for steroid-porphyrin conjugates was also confirmed by fluorescence, CD-and 1 H NMR spectra. Thus, fluorescence emission observed in DMSO and DMA for all conjugates decreased with water addition (Fig. 3) . In general, absorption and fluorescence properties of 20E and EBl conjugates were the same, although 20E conjugates being more polar required higher water content to initiate aggregation (20-30% for EBl against 40-50% for 20E). Porphyrin part had no significant influence on the spectral characteristics and aggregation properties.
By an example of compound 14, Fig. 4 shows the 1 H NMR spectral changes of these conjugates during the aggregation process. It can be seen that by adding 50% of deuterated water to DMSO-d 6 solution of 14, which corresponds to an intermediate state (partial aggregation), the proton signals of porphyrin part show complex picture: additional broadened upfield shifted signals are appeared (Fig. 4b) -monomers, dimers, trimers, etc. might be present in the solution. When 70% water content was reached (complete aggregation conditions), higher aggregated species were formed. Thus the 1 H NMR spectrum (aromatic region) of J-aggregates was not observed because of inhomogeneous broadening of the resonances (Fig. 4c) [52] . It should be pointed out that there were no significant changes of steroidal signals. As in previous cases, the same tendency was observed for all conjugates.
Taken as a whole, very similar data were obtained using UVVis-, fluorescence and NMR spectroscopy suggesting the water driven formation of J-aggregates for all the studied compounds. Their CD spectra in pure DMSO and DMA yielded no signals. However, CD measurements of water diluted solutions showed a clear difference between 20E and EBl conjugates. An intense bisignate band with a negative peak at 416 nm, and a positive peak at 430 nm appeared when water was added to the EBl conjugate solutions both in DMA and DMSO (Fig. 5) . At the same time, no changes were observed in CD spectra of 20E conjugates on water addition. Thereby EBl J-aggregates showed a strong supramolecular chirality whereas 20E J-aggregates did not. The observed difference may be due to various stacking of the porphyrin macrocyclic rings [53] . Supramolecular chirality in EBl derivatives could originate from the helical edge-to-edge stacked aggregates, and the lack of chirality for 20E conjugates resulted from linearly or randomly stacking.
Conclusion
A number of new conjugates of 20-hydroxyecdysone and 24-epibrassinolide with three different porphyrins modified by boronic acid residue as a linker were synthesized. Exceptionally high regioselectivity in derivatization of a steroid molecule by porphyrin boronic acids was shown, which resulted in the formation of the side-chain-conjugated boronic esters as sole products. Studies of supramolecular assembly in water-organic solvent systems of the obtained conjugates were carried out by spectral methods. UV-Vis-, fluorescence and NMR spectroscopy confirmed the water driven formation of J-aggregates for all the studied compounds. CD measurements delivered an evidence for the presence of supramolecular chirality in EBl J-aggregates and for its absence in 20E J-aggregates.
